We have investigated 52 RXTE pointed observations of GRO J1655-40 spanning the X-ray outburst that commenced on 1996 April 25 and lasted for 16 months. Our X-ray timing analyses reveal four types of QPOs: three with relatively stable central frequencies at 300 Hz, 9 Hz, and 0.1 Hz, and a fourth that varied over the range 14-28 Hz. The 300 Hz and 0.1 Hz QPOs appear only at the highest observed luminosities (L X > 0.15L Edd ), where the power-law component dominates the X-ray spectrum, and the inner disk is characterized by a ∼ 1.5 keV color temperature and an estimated inner radius of only 10-20 km. At lower luminosity (L X ∼ 0.1L Edd ), the thermal component dominates the spectrum; the disk is somewhat cooler (∼ 1.3 keV) and its inner radius is larger.
decay from the second maximum is again associated with spectral softening. However beginning at MJD 50670 (1997 August 10), at a count rate of 12 c/s (or only 0.008 L Edd ), the spectrum abruptly hardens again. The flux continues to decay, and on MJD 50681 (1997 August 21) the source falls below the ASM detection limit (3σ upper limits ∼9 mCrab per 1-day bin). The ASM results provide a thorough context for the analysis and interpretation of the RXTE pointed observations reported below. Beyond the results shown in Figure 1 , there have been no further ASM detections of GRO J1655-40 through the end of 1998 May (MJD 50965).
PCA Power Spectra of GRO J1655-40
The central theme of this paper is an X-ray timing analysis of a series of 52 observations with the RXTE Proportional Counter Array (PCA). The instrument is described by Jahoda et al. (1996) . The PCA consists of five xenon-filled detectors with a total collecting area ∼ 6200 cm 2 at 5 keV, sensitivity in the range of 2-60 keV, and ∼ 17% energy resolution at 5 keV. Depending on the observing modes chosen for a particular observation, the time resolution may be as fine as 1 µs.
The PCA observation times are listed in Table 1 ; they are distributed throughout the 1996-1997 outburst, as shown in Figure 1 . Table 1 also provides exposure times, the number of detector units (PCUs) that were collecting data, and the PCA observing modes.
The data in this study include all of the observations in our AO-1 guest observer program (P10255), and also the observations for the AO-2 public archive (P20402), except for those data obtained after MJD 50685 (1997 August 25) when the source intensity was below 1 mCrab. With one exception, we define an observation as the collection of PCA data obtained on any one particular UT day. On 1996 November 2, GRO J1655-40 changed its intensity and QPO properties significantly between intervals of good exposure time, and we therefore divided these data into two observations labeled "A" and "B", respectively (see Table 1 ).
In Table 2 we provide a variety of measurements that describe the X-ray emission properties of GRO J1655-40. These include the PCA count rates for three energy bands (cols. 3, 7, and 8) , the standard deviation of the full (effectively 2-25 keV) PCA count rate in 1 s bins (col. 4), two types of PCA hardness ratio (cols. 5, 6), and QPO frequencies and comments relevant to the observations (col. 9). These results will be used below to help evaluate the conditions under which the different types of QPOs appear.
Power Spectra for Individual Observations
In Figures 2-4 we show the power spectra for each of the 52 PCA observations of GRO J1655-40 listed in Table 1 . The corrections for instrument dead time and electrical recovery from very large events adopts the model for "paralyzable" effects described by Morgan, Remillard, & Greiner (1997) . In fact, the instrument operates with a combination of paralyzable and non-paralyzable interruptions (Zhang et al. 1995) , and our corrections leave behind residual broadband power at the level of 0.1% Hz −1 of the net count rate. Since our power spectra are normalized to represent the square of the fractional rms amplitude per Hz, any broad continuum at high frequencies in Figures 2-4 with a power density ∼ < 10 −6 Hz −1 is likely to represent residual instrumental effects rather than a real signature of source behavior.
All of the power spectra in Figures 2-4 show a broadband continuum that typically decreases with frequency in a manner roughly described as a power law with an index of 1.2 (±0.3). Frequently there is very broad curvature in this continuum in the log power vs.
log frequency plane, extending from 0. During the final decay of GRO J1655-40 in 1997 August (after MJD 50663), the power continuum abruptly increases and flattens, and there are renewed QPOs with relatively narrow profiles. These changes in the power spectra coincide with the episode of spectral hardening seen in the ASM (see Fig. 1 ). Further spectral analysis of this low-hard state is deferred to a later publication.
To derive the central frequencies and widths of each QPO, we fit the power spectra to a local continuum, using a power law function, plus a QPO assumed to have a Lorentzian profile. We used a least-squares technique to determine the best fit. In the range of 7-28 Hz, we allowed for the presence of two overlapping QPOs with different widths. The locations of the continuum fitting regions had to be adjusted for the particular QPO locations and broadband power characteristics of each observation. The central QPO frequencies derived from these fits are included in Table 2 , while all of the QPO parameters for individual detections in the range of 0.1-28 Hz are given in Table 3 . These parameters include the central frequency (ν), the FWHM value (in Hz), the coherence parameter (Q = ν/FWHM), and the QPO amplitude, which is the integrated power normalized to the mean count rate of GRO J1655-40 in the appropriate energy band.
The data summarized in Table 2 show that the intensity and spectrum of the source can be used to predict the presence of QPOs at 7-28 Hz. Excluding the low/hard state at the end of the 1996-97 outburst, the approximate thresholds for QPO activity are: a 2-25 keV count rate of 4000 c s −1 pcu −1 , a 9-25 keV count rate of 200 c s −1 pcu −1 , a value of 0.45 in PCA HR1 (counts at 5-9 keV / counts at 2-5 keV), or a value of 0.14 in PCA HR2
(counts at 9-13 keV / counts at 5-9 keV). These thresholds are all related to the appearance of substantial flux above 9 keV, which suggests that the QPO mechanism is linked to the hard power-law component and thus to the source of relativistic electrons. In the case of GRS1915+105, the increase in QPO amplitudes with photon energy supported a similar conclusion (Morgan, Remillard, & Greiner 1997) . Further considerations regarding the QPO mechanism are given in Section 5.
Detection of a QPO at 300 Hz
The relationship between QPO activity and the hard X-ray spectrum motivated us to combine the individual power spectra in groups determined by their spectral hardness, in order to search for more subtle features, especially at higher frequency. Using the PCA HR1
values given in Table 2 , we sorted and combined the individual power spectra (excluding observations 50-52) into four groups: 1996 and HR1 < 0.45, 1997 and HR1 < 0.45, 0.45 < HR1 < 0.50, and HR1 > 0.50. We label these groups, respectively, "soft 1996", "soft 1997", "hard", and "very hard". For each group the individual power spectra (2-25 keV) were averaged after weighting them by their respective exposure times. The results are shown in Figure 5 , where four important details can be noted.
(1) The 27 power spectra in the group "soft 1997" do provide a narrow QPO just below 30 Hz. (2) There is a suggestion that the QPOs move to lower frequency as the spectrum becomes harder. (3) The QPO near 0.1 Hz is apparent in the "very hard" group. (4) Finally, and most importantly, there is a broad bump near 300 Hz for the "very hard" group.
In Figure 6 we replot Figure 5 with a magnified scale to provide closer inspection of those QPO features above 10 Hz. We fit the profiles for two of the QPOs, as described above. The QPO for the "soft 1997" group is located at 28.3 Hz with a FWHM of 3.6 Hz -12 -and an integrated amplitude of 0.31% over the effective PCA bandwidth (2-25 keV). In the remainder of Section 3.2 we focus solely on the broad feature near 300 Hz.
The QPO fit at 300 Hz for the "very hard" group ( Figure 6 ) yields a central frequency of 298.3 Hz, a FWHM of 77 Hz, and an integrated amplitude of 0.45%. The significance of this QPO detection above the local power continuum is 6.2 σ in the highest bin and 12 σ as an integrated feature .
The origin of the 300 Hz feature within the "very hard" group is investigated in are 0.21% of the mean flux for the "hard" group, 0.16% for the "soft 1997" group, and 0.32% for the "soft 1996" group. We therefore conclude that the 298 Hz QPO in GRO J1655-40 is significantly weaker or absent when the luminosity in the power-law component falls below that of the "very hard" group (i.e. when HR1 < 0.5).
Finally, the effort to ascertain whether the frequency of this QPO is constant is limited to the weak indications provided in Figure 7 . We searched for a QPO with a central frequency in the range of 180-420 Hz for each individual panel shown in Figure 7 ; the power spectra in the top six panels yield a sample of central frequencies that are distributed as 300.2 ± 13.4 Hz (see Table 2 ). The variations in frequency are consistent with scatter due to statistical limitations. Meanwhile, the count rates in the hard PCA band (i.e. above 9 keV) for these same six observations vary by a factor of 2.5 (max / min). Since the flux in hard photons is highly correlated with the appearance of this QPO, and since the hard flux variations are much larger than the dispersion in central frequency, we regard these results as an indication of frequency stability in the 300 Hz feature.
QPO Properties versus Photon Energy
Our detection of the 300 Hz QPO in GRO J1655-40 is limited to just one energy channel (2-25 keV) for the following reason. The operating modes for the PCA event analyzers (EAs) are given in Table 1 . During the "very hard" observations (1996 August -November), the four discretionary PCA EAs were operated in parallel in the following modes: (1) a 4-channel binned mode with 2 ms time resolution at 2-13 keV; (2) a single-channel, "single bit" mode with 62 µs time resolution at 2-13 keV; and (3) a 16 µs event mode for photons above 13 keV. The Nyquist frequency for 298 Hz oscillations corresponds to 1.7 ms, which is faster than the rate used in the 4-channel binned mode. We therefore have only two channels, divided at 13 keV, with which to examine phenomena at frequencies above 250
Hz. During the "very hard" observations, the 13-25 keV source count rate was only 10-18 % of the rate below 13 keV, and we do not detect a significant QPO in these data. The PCA time resolution was increased to 4-channel coverage with 125 µs time resolution for the 1997 observations, but there were no further episodes of "very hard" emission during this period.
each case, the source appears to shift back and forth between a relatively steady emission state and another state in which both the intensity and the hardness ratio are strongly modulated by a 0.1 Hz QPO. This behavior is illustrated for both sources in Figure 10 .
Both the X-ray intensity and variability of GRO J1655-40 are as large as we have seen with RXTE. However, GRS1915+105 has shown a wide variety of much deeper oscillations on time scales ranging from seconds to ∼30 min. Given the similarities shown here and the extraordinary behavior observed for GRS 1915+105 (Greiner, Morgan, & Remillard 1996) , one may surmise that GRO J1655-40 is on the verge of plunging into unstable X-ray emission on 1996 August 1. Figure 10 displays the closest link we have seen between GRO J1655-40 during its radio-quiet X-ray outburst of 1996-1997, and GRS 1915+105, which has been wildly active at both X-ray and radio frequencies (Eikenberry et al. 1998; Mirabel et al. 1998; Pooley & Fender 1998) . In Section 5 we use these intermittent 0.1 Hz QPOs, combined with spectral analyses and our knowledge of the black hole mass in GRO J1655-40, to speculate on the mass of the black hole in GRS1915+105.
X-ray Spectral Analysis by QPO Group
Thus far we have described several relationships between QPO characteristics and the X-ray spectrum by correlating the QPO parameters with PCA count rates and hardness ratios. In these interpretations we have assumed that the X-ray spectrum of GRO J1655-40
can be described by a standard model consisting of a thermal component and a hard power law, with a minimal contribution from the thermal component above 9 keV. Zhang et al show that this spectral model produced an acceptable fit with an inner disk temperature of 1.36 keV. A spectral analysis of all of the data discussed herein is beyond the scope of this paper. Nevertheless, we have investigated the mean spectra for each QPO-sorted group (see Section 3.2) and the results confirm our hypothesis that QPO activity in GRO J1655-40 is strongly linked to the strength of the power-law component.
We used "xspec" to analyze these data, assuming a "disk blackbody" model plus a power-law function, both attenuated by absorption due to cold gas along the line of sight.
The analysis was performed with version 2.2.1 of the PCA spectral response matrices (written on 1997 Oct 2). Since the high count rates and long exposure times for GRO J1655-40 stringently test the quality of the PCA spectral calibrations, we first investigated the spectra derived from long exposures of the Crab nebula on 1997 March 22, April 15, and July 26. We have concluded that the best performance from these particular response matrices is gained by choosing PCUs #0, #1, and #4 (only), by restricting the analysis range to 2.5-25.0 keV (with 54 data channels from PCA standard mode 2), and by imposing a systematic error of 1.0% on each data point. The statistical error bars for the spectral parameters in each group are very small, and so we conservatively choose to independently analyze the spectra provided by each of the three PCUs, and then we use the sample standard deviation as the uncertainty in each spectral parameter. The absolute normalizations of PCU #4 are chronically 10% lower than those of PCUs #0 and #1, and we accordingly raised the normalizations for PCU #4 before reporting the results. Finally, all of the spectral results (unlike the counting rates reported in Table 2 ) include corrections for the PCA deadtime, which ranges from 1.5% to 12.8% per observation, depending on the source count rate.
We conducted spectral fits in which we considered the value of the interstellar column density (N H ) as a free parameter, and then we repeated the analysis with N H = 0.9×10 (Table 4 , col. 4) for these spectral fits are reasonably good for the "hard" and "very hard" groups, with total exposure times ∼40 ks per PCU for each group. On the other hand, the "soft 1996" group resisted all efforts to apply the disk blackbody plus power law model, including attempted modifications for emission lines, absorption edges, or Compton reflection. Separating the "soft 1996" group into subsections A (1996 May 9-12) and B (Sept. 26 and Oct. 3) isolates the temporal location of this unsolved problem. During the 1996 May observations, which occurred 14-17 days after the beginning of the X-ray outburst, we find χ 2 ν ∼ 20, as the soft component appears to be too wide to fit with any combination of disk "color temperature" (T col ) and N H . No such difficulty is evident for the "soft 1996B" group (χ 2 ν = 1.04). Problems with the spectral model are encountered again for the "soft 1997" group. However, the residuals are only ∼ 2% of the net flux in the accumulated spectra (102 ks per PCU), and we argue that the comparison of spectral parameters with the other groups provides useful information, despite the elevated value of χ 2 ν . As the overall luminosity increases, it is clear that the temperature of the inner accretion disk increases from ∼1.1 to nearly 1.5 keV, while the normalization decreases by a factor of 5. This is the same pattern seen on a much more rapid time scale in the case of GRS1915+105 (Belloni et al. 1997b) . Further evaluations of these results are given in Section 5. Table 4 confirms that the flux in the power-law component rises sharply as the spectrum evolves from the "soft" group to the "hard" group, and on to the "very hard" group, as we had deduced from the PCA hardness ratios. In the "hard" group, the power-law component represents ∼30% of the total X-ray flux, and this fraction increases to ∼70% in the "very hard" group. In both the "hard" and "very hard" groups, the photon index is in the range of 2.4-2.7, which is very similar to the results obtained in earlier outbursts for the range of -19 -20-600 keV with CGRO (Kroeger et al. 1996; Zhang et al. 1997) . Our 1996 August 29 PCA observation was used with RXTE HEXTE and CGRO OSSE observations to measure a photon index of 2.7 with a lower limit of 800 keV for the cutoff energy associated with the power law component (Tomsick et al. 1998) . Our similar value of the photon index for the "very hard" group instills some confidence that the power law component is well determined here, despite the constraint which limits our spectral fits to photon energies below 25 keV.
Our spectral results allow us to quantify the thresholds for QPO activity in terms of L Edd , which is 9 ×10 38 erg s −1 for a 7 M ⊙ black hole. The threshold where the broad 9 Hz QPO appears is L X ∼ 0.1L Edd . We detect 300 Hz QPOs at L X ∼ > 0.15L Edd , and 0.1 Hz QPOs appear at a slightly higher value, L X ∼ 0.18L Edd . For these values to have utility, the power-law component must radiate isotropically from a region that is roughly as compact as the inner accretion disk.
Discussion
The 300 Hz QPO in GRO J1655-40 is the fastest oscillation ever seen in a black hole binary. Efforts to explain this feature, and also the 67 Hz QPO in GRS1915+105, commonly invoke effects of General Relativity (GR), and these results provide an important opportunity to investigate both the properties of these black holes and also the physics of strong gravitational fields (see McClintock 1998) . There are at least four proposed mechanisms that relate these fast QPO frequencies to a natural time scale of the inner accretion disk in a black hole binary. These are: the last stable orbit (Shapiro & Teukolsky 1983; Morgan, Remillard, & Greiner 1997) , diskoseismic oscillations (Perez et al. 1997; Nowak et al. 1997) , frame dragging (Cui, Zhang, & Chen 1998) , and oscillations related to a centrifugal-barrier model (Titarchuk, Lapidus, & Muslimov 1998) . The physics of all of these phenomena invokes GR effects in the inner accretion disk. It has also been proposed that the high frequency QPOs may be caused by an inertial-acoustic instability in the disk (Chen & Taam 1995) , which has a non-GR origin. However, this model as proposed does not extend to frequencies as high as the 300 Hz QPO of GRO J1655-40.
Any model for the high-frequency QPOs in microquasars must also explain the observed amplitudes and spectral characteristics of these QPOs and the manner in which these properties vary with the state of the X-ray source. In the case of GRO J1655-40, the 300 Hz QPO is detected only in the "very hard" group, when the X-ray luminosity is near 0.15L Edd and the power-law component dominates the spectrum. The upper limits for 300 Hz QPOs in the other groups imply that this QPO is at least a factor of 2-3 weaker (in % amplitude) in fainter states. While the power law component is the primary cause of variations in X-ray luminosity, there is also an evolution in the thermal component as the luminosity increases.
We cannot exclude the possibility that changes in the inner disk are actually responsible for the 300 Hz QPO, and that the larger changes in the power law component are an unrelated byproduct of the accretion state. In that case, the QPO would have an amplitude ∼ >1.5% of the disk flux, since the deconvolution of the spectral components in terms of PCA counting rate indicates that 33% of the counts in the "very hard" state come from the disk while 67% originate in the power law component. The spectral constraints on the origin of the 67 Hz QPO in GRS1915+105 are far more challenging for disk oscillation models, since the QPO amplitude has been shown to be as high as 6% at photon energies above 13 keV, where the disk contributes a small fraction of the X-ray flux (Morgan, Remillard, & Greiner 1997 ).
The multiplicity of models and the incomplete connections between inner disk timescales and the spectral properties of the high-frequency QPOs remain as outstanding problems in this field.
Zhang, Cui, & Chen (1997) have outlined GR corrections to the disk blackbody model that allow estimation of the real temperature and radius of the inner accretion disk from the measured values of T col and the disk blackbody normalization. Assuming a distance of 3.2 kpc, our spectral results for the "very hard" group (Table 4) On the other hand, the large increase in the normalization of the disk component for the "soft" X-ray groups (Table 4) necessarily suggests r in > r last for the same values of black hole mass and spin. These significant variations in f DBB T
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col for GRO J1655-40 are distinctly different from typical X-ray novae (Tanaka & Lewin 1995) , and yet they resemble are similar with respect to either the inner disk, with r in = r last for maximally rotating black holes, or with respect to the value of L Edd . In such cases, GRS1915+105 contains the more massive black hole, with M 1 in the range of 38-70 M ⊙ .
We have shown that the full composition of QPOs in GRO J1655-40 includes another quasi-stable frequency in the form of a broad QPO (1-3% amplitude) at 9 Hz. There is no obvious scheme in which to asign the system's natural time scales to both the 9 and 300 Hz oscillations for the same values of black hole mass and spin rate. Moreover, the presence of the 9 Hz QPO complicates the application of the frame-dragging model to QPOs in black hole binaries (Cui, Zhang, & Chen 1998) . Here, an 8 Hz QPO in GS 1124-68 was interpreted as being analogous to the 300 Hz QPO in GRO J1655-40. However, in this paper we have shown that there are two low-frequency QPOs in GRO J1655-40 that are much closer in frequency to the 8 Hz QPO in GS 1124-68, confusing the selection of QPOs that might represent the frame dragging effect. Moreover, of the four QPO tracks in GRO J1655-40, only the 9 Hz QPO appears to have the "soft" X-ray spectrum expected for a purely disk-rooted oscillation. Clearly there is a need for additional opportunities to observe X-ray sources in the very high state, as we continue to make progress in learning how to use X-ray QPOs to investigate the properties of black holes and also to determine the origin of the hard X-ray photons in black hole binaries. 
